Mass analysis in a linear ion trap is traditionally performed using resonant ejection induced by auxiliary waveforms. For sinusoidally driven ion traps without resonant ejection, resolution and sensitivity are poor because mass-selected instability yields excitation along both the x and y axes simultaneously. Digital ion traps, on the other hand, have the advantage of duty cycle manipulation that can be used to change the ion excitation along the x and y axes. Consequently, the duty cycle can be used to enhance the resolution and sensitivity for mass-selected instability in a linear ion trap without the application of an auxiliary waveform. This work introduces and explores massselected instability in a linear trap without the use of auxiliary waveforms.
■ INTRODUCTION
Ion motion along each axis in any ion trap depends on the pseudopotential well depth as a function of the Mathieu parameter, q. The following equation defines the parameter for digitally or sinusoidally driven linear ion traps q eV mr
− Ω (1) where e is the charge of an electron, V is the AC voltage, m is the ion mass, r is the radius of the quadrupole, and Ω is the radial frequency. 1 The pseudopotential well depth defines the energy needed to remove the ion from the trap. It can be calculated at any point in Mathieu parameter space (q, a), for any periodic waveform, using matrix solutions of the Hill equation. 2 The depth of the well is a major defining factor of the average displacement of the secular ion oscillation from the trap center. The deeper the well the lower the secular oscillation amplitude will be once the ions have settled by collisional relaxation. An example of the pseudopotential well of a digitally driven linear ion trap operating with 100 V 0-p square waves is shown in Figure 1 . 2 The green region indicates the region where the pseudopotential wells in xand y-direction overlap. A blue region indicates stability only on the x-axis and a yellow region indicates stability only on the y-axis. The lack of blue or yellow in the plot indicates perfect overlap. The corresponding sine wave driven well depth plot can be closely approximated merely by rescaling the q and well depth axes by a factor of approximately 4/π. 2, 3 For either sine or square wave-driven quadrupoles at a = 0, the well depth along each axis (x and y) is the same function of q and they overlay each other as shown in Figure 1 . As the q value of ions approaches the boundary at 0.7125 for a square wave trap and 0.908 for a sine wave trap during a mass selected instability scan, the amplitude of oscillatory displacement increases along both axes until the ions either exit through the slits in the electrodes along the detection axis or impact into one of the electrode surfaces. The greater the oscillatory displacement along the non-detection axis, the greater the loss of resolution and sensitivity. This provides the reason that mass selected instability scans in a square or sine wave-driven linear ion traps are not performed; without auxiliary waveforms, mass resolution and sensitivity are just too poor to warrant the effort.
Consequently, sine and square wave-driven linear ion traps require an auxiliary dipolar waveform with the electric field directed along the detection axis to perform sensitive resolved mass analysis. 4 A dipolar waveform directed along the detection axis provides a method of resonantly increasing the amplitude of ion oscillation along the detection (x) axis while the oscillatory motion along the opposing y-axis is minimal. The mass scan proceeds by ramping the AC voltage of a sine wave trap or lowering the frequency of the square wave trap in steps to steadily increase the value of q (see eq 1). Before the ions near resonance, the excitation along the x-axis is minimal. As q approaches a value where the ion's secular frequency is the same as the auxiliary waveform frequency, the ions quickly excite along the detection (x) axis and eject from the trap into the detector. Therefore, resonant ejection provides a path out of the trap and into the detector while the excitation along the y-axis is minimal in square and sine wave driven traps.
Changing the duty cycle changes the operational paradigm. The duty cycle is defined by the percentage of the waveform period spent in the high state. Because rectangular waveforms are applied to two electrode sets, there are two percentages that define the duty cycle applied to digital ion traps and guides. Shifting the duty cycle away from the 50/50 square waveform skews the pseudopotential wells so that they no longer overlap. The pseudopotential well plot of the 55/45 waveform is shown in Figure 2 . The pseudopotential plots shown in Figures 1 and 2 were generated by the frequency versus m/z spreadsheet program that is available to the public for download from our website (https://reilly.chem.wsu.edu/ digital-waveform-stability-diagrams-2/). The plot in Figure 2 provides an example of the shifting of the pseudopotential wells along the xand y-axes that occurs with the change in duty cycle. The green region indicates the region of stability. The 55/45 duty cycle waveform creates a mass filter with the lowest stable value of q around 0.24 and the highest around 0.65. All values between them are stable; all outside values are not because the pseudopotential well depth is zero along at least one axis.
At a q of 0.25, the well depth along the y-axis is very low, approximately 0.1 V, while the well depth along the x-axis is deep, approximately 21 V. Since the motion along each axis is independent of the other, the oscillation amplitude along the yaxis at q = 0.26 is large while it is small along the x-axis. The converse is true at a q of 0.64. Accordingly, if the frequency is stepped in the low direction, the excitation decreases along the y-axis while it increases along the detection (x) axis until the ions are ejected into the detector. Since all of the motion in this process is directed along the detection axis, the efficiency of ion ejection through the detection slits increases. Consequently, changing the duty cycle in this manner increases the sensitivity of the mass analysis process. It should also increase the resolution because the trajectories that can pass through the detection slit are limited by the degree of motion along the y-axis.
Mass selected instability scans the ion trap mass spectrum by steadily increasing the ion's q value until it becomes unstable and ejects from the trap into an awaiting detector. This work experimentally explores and characterizes the concept of using duty cycle to enhance mass selected instability scanning in a digital linear ion trap.
As with 3D ion traps, mass selected instability will not compete with the resolution provided by resonant ejectionbased mass analysis. However, there is an advantage to mass selected instability analysis without auxiliary waveforms compared to resonant ejection. Mass selected instability analysis is not mass dependent as it is with resonant ejection. The ions are ejected as a function of the Mathieu parameter q; they are either stable or they are not. The q of any value of m/z can be adjusted to any value by changing the frequency (see eq 1). Mass and m/z do not define resolution. On the other hand, resonant ejection is a perturbative method whose rate is defined by two competing rates, the rate of excitation and the rate of collisional relaxation. The voltage of the auxiliary waveform defines the rate of excitation when on resonance. The rate of relaxation is defined by the collision rate; the bigger the ion, the greater the relaxation rate. Increasing molecular mass requires increasing auxiliary voltages to maintain constant excitation. At some point on the mass scale, the auxiliary waveform voltage will compete with the trapping waveform voltage. The trapping waveform is the high voltage waveform applied to the electrodes generally on the order of 200 V 0-p , whereas the auxiliary waveform voltage is about 2−5 V 0-p for small ions. As m/z increases, resonant ejection will no longer be a perturbative method and the mass analysis axiom will begin to break down. The most likely outcome is that the observed resolving power will begin to decrease with increasing mass. Moreover, the mass dependence for resonant ejection will likely present itself in the higher mass range with the analysis of intact proteins because we have observed that the optimal auxiliary voltage for small proteins like lysozyme (14. 3 kDa) is on the order of 10 V 0-p . Conversely, the resolving power of mass selective instability is constant as a function of increasing mass or m/z. Theoretically, if a resolving power of 500 is obtained at m/z 1000, the same resolving power should be observable at any mass or m/z. Because consistent mass analysis at any mass or m/z is a valuable objective, we have undertaken the study of mass selective instability analysis as a function of duty cycle.
■ EXPERIMENTAL SECTION
The instrument is depicted in Figure 3 . It consists of an atmospheric pressure sampling flow limited inlet orifice that expands into a differentially pumped digital ion funnel operating at 1.2 Torr. Ions are collimated with the 
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Research Article frequency-variable AC waveform and driven through the funnel with a 10 V DC potential. The ions exit the funnel into a digitally driven large radius (r 0 = 11.08 mm) linear quadrupole ion trap operating at 7 mTorr. The ions are stored and concentrated at the end of the trap just before the exit endcap electrodes using slanted wire electrodes in between the rods to create field along the z-axis. 5 The stored ions are ejected on demand into a commercial linear ion trap (Thermofisher Scientific, San Fransisco, CA, www. thermofischer.com) that is also operated with digital waveforms. Ions were mass analyzed by mass selected instability by stepping the trap frequency to increase the q values of the ions until they are ejected from the ion trap when they meet the boundary. No auxiliary dipole waveforms were used in any of the spectra shown in this work. The ions were detected with a conversion dynode/channeltron detector system. The ion signal was amplified, digitally converted, and recorded.
A calibration compound, ESCAL, purchased from Scientific Instrument Services, Ringoes, NJ (https://www.sisweb.com/ ms/sis/escal.htm#2), was used without alteration in the data presented. Ions were created by electrospray and introduced into the instrument at a potential of +2300 V. The syringe pump was set to 0.8 μL/min.
■ RESULTS AND DISCUSSION
The results of the duty cycle's effect on mass analysis are shown in Figure 4 . All of the scans were performed with a mass step Δm/z = 1.0 and the trapping waveform was repeated for 200 cycles for each mass step. The trend in the spectra as a function of increasing the duty cycle difference between the applied waveforms is clearly represented. The red trace in Figure 4 presents the mass selected instability scan from a square wave. Square waves are virtually equivalent to sine waves with respect to their effect on ion motion. Consequently, the results for the red trace reveal the reason that resonant ejection is always used in commercial linear ion traps. The overall peak height increases with increasing duty cycle while the inherent peak width decreases revealing an increase in both sensitivity and resolving power. Even a modest change in the duty cycle (52/48), increases the signal-to-noise ratio (S/N) by more than an order of magnitude. While the results are very straightforward, the underlying ion dynamics are more obscure yet discernable.
The ions were injected into the trap at 400 kHz with a 50/ 50 duty cycle. The peaks in Figure 4 are from protonated phosphazene molecules C 18 H 19 0 6 N 3 P 3 F 24 (C 2 F 4 ) n (m/z = 922 + 100n, where n = 0−12). The m/z/frequency stability is shown in Figure 5a with the scale depicting the mass to charge ratios of calibrant ions included in the image. The values of the Mathieu parameter q range from 0.502 for m/z 922−0.229 for m/z 2022. The ions are held in the trap for a period 6.25 ms to allow them to equilibrate with the buffer gas. A scan is then begun switching the duty cycle and the starting frequency in a process that requires a couple microseconds. Since this time is less than the period of a trapping waveform, the stability of the ions is not affected. The starting frequency is switched when the duty cycle changes to keep the high m/z ions from being ejected. Figure 5b shows the frequency shift to 350 kHz that maintains all the ions trap with a switch to a 55/45 duty cycle as the scan begins. After the switch, the scan then proceeds by stepping the trap frequency in terms of constant mass steps.
The 50/50 scan began by shifting from the trapping frequency to the starting scan frequency that is defined by the starting mass of m/z 800. The starting frequency can be gleaned from the stability diagram of the 50/50 scan (see Figure 5a ). The sensitivity and resolution of the 50/50 scan are lacking because the excitation occurs on both the xand y-axes simultaneously.
The ion trajectory simulation in Figure 6a illustrates the dual axis excitation issue for the 50/50 boundary scan in a linear ion trap that has slanted wire electrodes to create a field along the z-axis. The potential of the wire electrodes was set to zero so that they had no noticeable effect on the radial ion motion. 5 A single ion was created at the center of the trap in the deepest part of the pseudopotential well at q = 0.5. The frequency was then switched to place the ion at the boundary. During the trajectory (that inevitably ends in electrode surface impact), the ion samples most of the space between the electrodes in both directions. This shows that ions at the 50/50 boundary can impact on any of the electrodes with a broad range of trajectories that make passage through a detection slit in an electrode unlikely. Alternatively, if the simulation is repeated with a jump to the 55/45 boundary, the trajectory ends with impaction only on the detection axis at well-defined points. There is no excessive excitation along the orthogonal axis. In this case, passage through a detection slit in the electrode is likely. A 45/55 waveform yields the same trajectory pattern only it is directed along the orthogonal axis relative to Figure  6b . The trajectories in Figure 6 reveal that changing the duty 
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The underlying reason for the reduction in off-detection axis excitation can be understood by realizing the effect of duty cycle on the pseudopotential wells. Because of the independence of the motion along each quadrupole axis, each axis has its own pseudopotential well. When the applied waveforms have the same duty cycle, as is the case for the 50/ 50, the wells overlap. However, as the difference between the duty cycles increases, the separation between pseudopotential wells along the q-axis increases (see Figures 1 and 2) . The outcomes of the mass scans as a function of duty cycle shown in Figure 4 can be understood from the pseudopotential well plots.
A boundary scan is generally performed by stepping the trap frequency in the downward direction to increase the ion q value until the boundary along the detection axis (y-axis) is reached. That occurs at the q value when the well depth along the detection axis reaches zero. The outcome of the scan depends on the well depth along the orthogonal axis (x-axis) at the value of q that defines the boundary along the detection axis. The deeper the well along the orthogonal axis at the boundary the better the resolution and sensitivity of the scan. The orthogonal well depth steadily increases as the duty cycle difference increases from 50/50 to 55/45. Hence, the resolution and sensitivity evidenced in Figure 4 increases with increasing duty cycle difference. Increasing the duty cycle difference beyond 55/45 has a negative effect and decreases the orthogonal well depth at the boundary.
It should be noted that even a small change in duty cycle has a dramatic effect on the sensitivity. For example, the 51/49 scan (not shown) exhibits a marked increase in signal intensity over the 50/50 scan. The 51/49 waveform increases the orthogonal well depth to −4 V. That small well confines the ion motion on the x-axis near the center. Increasing the orthogonal well depth has the effect of further restricting the motion in the x-direction and thereby increases the resolving power.
The boundary scan process in a 2D trap is dynamic. As the frequency is stepped in the downward direction, the q values increase until the value at the boundary is reached. As the q value increases, the pseudopotential well depth that the ions experience also changes. As the boundary is approached, the well depth along the detection axis decreases which causes the amplitude of secular oscillation to increase. During the process of increasing secular amplitude, the ions breach the plane of the electrode and are ejected for detection. Unfortunately, ion ejection during a boundary scan is not this simple. The process is complicated by the presence of the slit in the detection electrode. Its presence introduces negative higher order components to the electric fields that the ions experience. The effects of these fields increase as the ions approach the slit for detection. These higher order fields can broaden the bandwidth of frequencies where the ions are ejected. The 
Research Article longer the ions are in the presence of these negative higher order fields, the greater the effect on the ion trajectories out of the trap during the scanning process. Consequently, changing the scan parameters, such as scan rate, can greatly affect the outcome of the scan. This effect was demonstrated in Figure 7 by fixing the mass step Δm/z at 1 amu while the number of trapping waveforms at each step was varied at 10 (pink), 50 (orange), 100 (yellow), 200 (green), 300 (light blue), 400 (purple), and 500 (black). The scale of these spectra was fixed for direct comparison of the signal amplitude and background noise. The S/N is maximum at about 50 trapping waveform cycles per step and steadily decreases with increasing number of cycles per mass step.
Increasing the number of step cycles (or trap cycles per mass step) has the effect of reducing the noise and signal as well as increasing the resolution. Increasing the amplitude of secular oscillation slowly provides better control of the ion ejection process but also decreases sensitivity.
Boundary mass analysis was also examined as a function of buffer gas pressure (see Figure 8 ). Increasing the pressure from 0.5 to 4.5 mTorr of helium does seem to increase the signal intensity marginally. However, it is difficult to know whether the increased signal intensity occurs because of increased initial ion population during the trapping process or better boundary ejection during the scan. Nonetheless, the spectra are only marginally affected by buffer gas pressure. However, the best S/N was obtained at 2.5 mTorr.
Finally, the dependence of spectra on the trap voltage was considered. Given the current power constraints of the trap pulsers, the scan voltage range was limited to ±100 through ±200 VAC. These results are shown in Figure 9 . The trapping q of the ions was maintained for each voltage. Here, the analyte masses span most of the stability space for the 55/45 waveform (see Figure 5b ). Reducing the voltage narrows the range of stable masses. Therefore, reducing the voltage can skew the peak intensities if the range of analyzed masses is broad; however, this was not observed for the spectra in Figure 9 . Generally, increasing the scan voltage increases the trap well depth as well as the trapping efficiency and ion capacity. Therefore, increased sensitivity is expected with increasing voltage. Presumably, because the trap was operated well below ion population saturation, only a marginal increase in sensitivity was observed. The resolving power is also expected to increase because the ion volume in the x-direction should decrease with increasing voltage (an increase of the x-axis well depth) and thereby limit the allowable trajectories through the slit as ejection approaches (see Figure 9 ). However, increasing trapping waveform voltage by a factor of two increases signal and increases resolving power marginally. The S/N increased steadily with increasing voltage.
■ CONCLUSIONS
The method of mass analysis in a linear digital ion trap using the duty cycle to produce a resolved boundary scan without an auxiliary waveform has been characterized. Changing the duty cycle to advantageously shift the pseudopotential wells produces resolved mass analysis by reducing the degree of secular oscillation along the orthogonal axis while allowing ion oscillation along the detection axis to yield ejection. Resolving power and sensitivity appear to be minimally affected by changes in buffer gas pressure over an order of magnitude. Slower scan speeds decrease noise while reducing signal; they do not appear to greatly affect resolving power.
The ability to perform boundary mass scans provides a robust and simple method of analysis that is effective at any 
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Research Article value of m/z. Theoretically, the resolving power observed for the scans shown in this work (up to R = m/Δm = ∼300) should apply to any mass because ions are ejected from the trap at the boundary q. This value of q for any mass ion is constant (for a scan) and is defined by the frequency. It has always been our contention that if an analyte can be trapped in statistical quantities (greater than 10000 ions) then it can undergo resolved mass analysis. Our group has demonstrated trapping of millions of singly charged 200 nm urea particles (m/z = 3 × 10 9 ) with a digital trap. 6 With the combination of an appropriate detector 7−11 following a digitally operated ion trap, resolved mass analysis (R up to 300 or better) into the gigadalton range is feasible. Consequently, increasing the range of biological analysis represents the next frontier of research. 
